Luminescence spectra at 85 K have been recorded for a series of chromium (III) complexes with alkyliminodiacetates (RIDA) of the form K[Cr(RIDA) 2 ], R = M(methyl), E(ethyl), n-P(n-propyl), i-P(isopropyl), n-B-(n-butyl), and t-B (t-butyl). Infrared and far infrared spectra of room temperature samples were also recorded.
I. Introduction
Chromium complexes with iminodiacetate, IDA = [HN(CH 2 COO) 2 ]
2-, and related complexes have recently attracted interest directed towards their luminescence spectra [1] [2] [3] [4] . In addition to the general interest in proto-amino acid complexes, which can serve as models for more complex interactions of metals with peptides and proteins, the luminescence spectra of IDA-type complexes have evinced a number of unusual or unexpected properties.
The breakdown of Schläfer's Rule [5] , predicting from the visible absorption spectrum whether phosphorescence or fluorescence should be observed for a given Cr (III) complex, was first pointed out in connection with IDA-type complexes [1] , a result which has proved to be general for low symmetry Cr (III) complexes. The MIDA complex (H 2 MIDA = methyliminodiacetic acid), in which the nitrogens are trans, exhibited a sharp line phosphorescence spectrum, with maximum band intensities occurring some distance from the zero phonon band [1] , which was explained in terms of a crossover of the excited doublet states in complexes of appropriately low symmetry [6] , whereby the tetragonal 2 Please order a reprint rather than making your own copy.
an electron configuration different from the ground state, becomes the lowest lying excited state [2] . Such behavior was later noted for other Cr (III) complexes [7] . In addition the [Cr(IDA) 2 ]~ complex, with eis configuration, has itself displayed a number of unusual features: at 85 K on solid samples a fluorescence spectrum was observed, overlaid in some cases with a sharp line phosphorescence. In a glass solution, or with solids at higher temperatures, the overlaid phosphorescence disappeared, while another phosphorescence peak appeared, blueshifted from the fluorescence [1] . This led to some confusion as to the location of the electron origins in these spectra. In our original work [1 -3] , we assigned the electronic origins at 14 340 cm -1 for cisNa[Cr (IDA) 2 ]  and  14 250 cm-1 for transNa[Cr(MIDA) 2 ]. The electronic states (using tetragonal symmetry designations) were thought to be 2 A X or 2 Bj and 2 E, respectively. In both cases weak luminescence bands were located at these positions, although stronger bands were apparent elsewhere. In absorption (diffuse reflectance spectroscopy was used) a corresponding peak was found for the IDA complex, but not for the MIDA complex, where our spectrum extended from 14 550 to 15 900 cm -1 . In the latter case this was explained in terms of a pseudo-Stokes shift attributable to the 2 E luminescent state, shifting the maximum intensity of the luminescence spectral envelope to about 13 000 cm -1 , 1200 cm -1 distant from the 0-0 line, with a similar effect in absorption.
Flint and Matthews later measured the luminescence and absorption spectra of these complexes at 12 -21 K, where a number of additional features were evident [4] . The luminescence origin for [Cr(MIDA) 2 ] which was also assigned as 2 E, was placed at 13 402 cm -1 . The low temperature absorption spectrum revealed a lower intensity series from 13 402 to about 14 100 cm -1 in addition to the spectrum observed by us, so that this assignment must be taken as unambiguous. However, a series of weak bands observed by us a luminescence, between 14 215 and 14 860 cm -1 , was found absent by Flint and Matthews at 20 and at 80 K. Since these increased, then decreased in intensity with temperature, they were assigned as hot bands by us. It is difficult to reconcile their existence, though, with a 13 402 cm" 1 origin.
Cooling to 20 K resulted in the virtual disappearance of the [Cr(IDA) 2 ]~ fluorescence, with consequent greater detail in the (previously overlaid) phosphorescence spectrum. Again the higher energy emission noted by us around 14 400 cm -1 was not observed by Flint and Matthews at temperatures up to 300 K. And again a lower intensity series of bands between 13 200 and 13 600 cm -1 was apparent in absorption spectra at 20 K. Two prominent peaks in luminescence and absorption were assigned as 2 E electronic origins, at 13 190 and 13 355 cm" 1 , from two non-equivalent crystalline sites [8] . A room temperature X-ray structure has since been performed on K[Cr(IDA) 2 ]. There do appear to be two non-equivalent Cr sites, however the non-equivalence is due entirely to the arrangement of the waters of crystallization, from which it is difficult to explain this large difference in 0-0-frequencies [9, 10] .
The greater detail from the low temperature spectra, especially the low energy region of the absorption spectrum, not seen in the 80 K diffuse reflectance measurements, lends a good deal of plausibility to these assignments, especially for Na[Cr(MIDA) 2 ], although some of the discrepancies remain puzzling.
These discrepancies are most pronounced in the IDA complex, with a eis configuration. Recently we reported the synthesis of several further homologs; involving ethyl, n-propyl, i-propyl, n-butyl, and t-butyl derivatives of iminodiacetic acid [11] . In this paper we report the details of their luminescence, IR, and far-IR spectra.
If one of these complexes were to have adopted a eis configuration some of the more important discrepancies might have been cleared up. But all were found only in the trans geometry. Our results tend to confirm the electronic assignments of Flint [4] , but beyond that, by observing the variations in vibronic frequencies over a homologous series, a kind of "fingerprint" for iminodiacetate coordination can be discerned. 2 ], and K[Cr(t-BIDA) 2 ] • 2.5 H 2 0 (E = ethyl, P = propyl, B = butyl) were prepared as previously described [11] . Infrared spectra were recorded on KBr pellets with a Perkin-Elmer 457 IR spectrometer. Far infrared spectra were measured on a Beckman FIR-720 interferometer, using polyethylene pellets. The instrumentation for luminescence spectroscopy employed argon ion laser excitation (488 and 363.8 nm) and a Spex 1700-11 0.75 m monochromator, and has been described in detail elsewhere [1, 12] . Luminescence spectra were recorded on solid, polycrystalline samples at 85 K.
II. Experimental
K[Cr(EIDA) 2 ], K[Cr(n-PIDA) 2 ], K[Cr(i- PIDA)o] -2.5 HoO, K[Cr(n-BIDA)
III. Results
The luminescence spectra at 85 K of all the Nalkyliminodiacetato complexes studied resembled the spectrum of [Cr(MIDA) 2 ] and are displayed in Figure 1 . The electronic origins are readily identified as the first (highest energy) intense band in each spectrum. As was the case with [Cr(IDA) 2 ]~ and [Cr(MIDA) 2 ] no discernible features in the 85 K diffuse reflectance spectra were observed in the region of the luminescence electronic origins [1] , although several bands at higher energy were evident. Thus direct evidence for the correctness of the zero phonon band assignments is lacking, and indirect evidence from the internal vibronic structure must be relied upon for confirmation. Only in one of the complexes, K[Cr(MIDA) 2 ], was a reproducible series of weak bands at higher energy recorded, similar, but not identical, to bands previously observed in this region [1] . The luminescence data are tabulated in Table 1 in the form of vibronic intervals from the electronic origin, which is assigned [2, 4] 2 ], is displayed in Figure 2 .
IV. Discussion
Even without the low energy part of the absorption spectrum (the part which overlaps with luminescence) to establish correspondences and determine the location of the 0-0-lines, the internal correlations among vibronic intervals leave little doubt that they have been properly assigned. Their positions The weak bands observed in luminescence some 700 -1200 cm -1 higher than the 2 E^4B X origin are problematic. These were observed only for the MIDA complex. They do not correspond to bands observed in reflectance spectra, which were found at still higher energy. The possibility that they represent anti-Stokes emission from excited 2 E vibrational levels seems remote, since the intensities are several orders of magnitude greater than the Boltzmann factors would indicate. There is the possibility that they represent emission from another doublet ( 2 A X , 2 B 1 ?), not necessarily including the zero phonon line. From Flint's data [4] , the transition probabilities in absorption are evidently much greater between ground state and the upper doublets than between the ground state and the luminescent state, 2 E, since the higher energy bands are much more intense. This may very well be the case in emission as well, yielding abnormally high intensities from the higher energy doublets (though still low relative to 2 E-> 4 B X ). It is, however, troubling that there is no coincidence with absorption bands to support this kind of argument.
In the case of the IDA complex, however, the coincidence between luminescence and absorption is present, and there can be little doubt that emission from a higher excited doublet is involved. No conclusive evidence as to the identity of these excited doublets has been offered as yet. It remains an interesting problem to account for the dependence of the relative emission intensities from the two doublets on the temperature and the environment of the complex ion. For example, in frozen solution at 85 K the higher energy phosphorescence is most intense, which is an unusual occurrence among Cr(III) complexes.
The vibronic data in Table 1 and the infrared data in Table 3 are arranged so as to suggest correspondences among the complexes studied. The clear correspondences in the luminescence spectra confirm the assignments of the electronic origins.
Beyond this it is our goal to establish a basis by which the coordination environment around the metal center may be identified using the vibronic data from the luminescence spectrum. In the present context it would be useful to find several prominent bands of relatively constant frequency, which would be characteristic of iminodiacetate coordination in general. And also bands which vary systematically with the N-alkyl group are desirable in order to further characterize the coordination environment. A separation of the imino nitrogen contributions from those of the carboxylates would be helpful, but strong mixing of the low frequency vibrational modes makes this a largely unrealistic goal. On the other hand, certain ring deformation modes may indeed offer some clues as to the nature of the chelating ligand.
Several interesting features are apparent upon detailed comparison of vibrational frequencies in infrared and in luminescence. To some extent these comparisons are flawed because the spectra were recorded at different temperatures and in different environments (pure solid vs KBr pellet). Nor are the suggested correlations through the homolog series in every case defensible.
Nevertheless, one notes that certain modes are more prominent, and more likely to be found for each complex in the series, in the luminescence spectrum, while others are better located in the IR spectrum.
A facile explanation would be that vibrations involving the metal atom should be most prominent in luminescence [13, 14] , and indeed it appears that metal atom participation plays a considerable role. Between 200 and 500 cm -1 , where the stretching and bending modes of the octahedral skeleton are to be found, the luminescence spectra appear much more complete than do the IR spectra, with several features prominent in luminescence, and weaker or absent in IR.
Below 200 cm -1 , however, where lattice modes, as well as some of the ring deformations, should be located, the IR spectrum appears more complete, and the correlation between IR and luminescence is not at all apparent. For example, a strong IR band near 122 cm -1 is found in all complexes with n-chain alkyl groups. No corresponding feature is to be found in the luminescence spectrum.
One problem which must be faced in interpreting a vibronic spectrum is that of deciding which bands represent fundamentals and which are combination frequencies, since combination bands are allowed in vibronic spectra. In general fundamentals are more intense, although relative intensity is an unsure guide in spectra which cover a range of four or five orders of magnitude in intensity. And, of course, the question of metal atom participation comes up again, suggesting that the intensity of a ligand fundamental vibration be proportional to the extent to which that vibration is mixed with another vibration involving the metal atom.
For example, the methyl and methylene H -C -H bending vibrations, at around 1380 and 1470 cm -1 , respectively, are prominent in the IR spectrum, and consistent throughout the series. In the luminescence spectrum there is little trace of these modes, presumably for lack of effective coupling to the metal center. On the other hand, the asymmetric carboxylate stretching frequency, in the infrared found near 1630 cm -1 , is also prominent in the luminescence spectra. Here the proximity to the metal atom establishes a basis for coupling with the metaloxygen stretch.
In the region between 500 and 1650 cm -1 , most of the well-defined (i. e., present for most of the members of the series) luminescence bands can be attributed to fundamentals. For example, the band near 1310 cm -1 in luminescence correlates well with the IR frequencies (see Table 4 ). This mode does not appear to involve the carboxylate portion of the ligand [15] , and may therefore be a C-N stretch. This particular mode may serve to indicate the presence of an imino nitrogen.
In the metal-ligand portion of the spectrum we find several prominent features. Two bands near 220 cm -1 appear very characteristic of iminodiacetate coordination. These frequencies can most probably be assigned to ring deformation modes. Similarly intense bands can be found in the luminescence spectra of oxalato complexes [14] , around 230 cm -1 , and amino acid complexes [16] , around 190 cm -1 . Comparison of IR and luminescence (see Table 4 ) indicates that this pair of bands is much more readily identified in luminescence.
Another strong band, consistently seen in luminescence, lies around 440 cm -1 , and may be associated, at least partly, with the metal-oxygen stretch [17, 18] . Although very prominent in luminescence, this vibration likewise gives rise to an intense band in IR (Table 4) .
Previous work suggests we might find the metalnitrogen stretch between 500 and 600 cm -1 [14] as in ethylenediamine complexes [19] , although there is no direct basis for extrapolating to r(Cr -N) for an imino nitrogen. There are two well-defined IR bands in this region, one near 570 cm -1 , which is nearly constant across the series, and another near 520 cm -1 which is subject to considerable variation. This latter behavior is what is expected for the metalnitrogen stretch, but it is worrisome that neither of these two bands appear more than sporadically in the luminescence spectra. It has been observed [14] that metal-ligand stretching modes no not contribute as much to the intensity in luminescence as do bending modes, but one would expect that v(M -N) would at least be consistently present.
Several other well-defined bands in luminescence might involve the metal-nitrogen stretch. Most of the bands in the 300 -500 cm -1 region do not seem to exhibit large variations in frequency through the series, although several seem to undergo some splittings, making correlations between luminescence and IR difficult. This behavior may indeed be indicative of v(M -TV), and in this regard the band at 400 -420 cm -1 in luminescence might be tentatively suggested to be the stretching frequency. A definitive answer to this question will have to await isotope studies, as will the related problem of combination band assignments.
Several well-defined bands in the luminescence spectra have no counterparts in IR and must be combination bands. The selection rules for vibronic and IR spectra are different, but there is little reason to expect large differences for low symmetry molecules such as these. The bands near 1580 and 1710 cm -1 are rather clear examples of combinations, as is probably the band near 795 cm -1 . It is not at all clear which combinations are involved, although such information could be extremely useful in structure identification. Again, isotope studies are needed to shed some light on this problem.
V. Conclusion
An examination of a number of homologous alkyliminodiacetato complexes of chromium (III) confirms, in general, the assignment of Flint for trans complexes with IDA type ligands [4] ) is normally the lowest doublet, and it is only the strong tetragonal field from imino nitrogens and carboxylates which cause the octahedral 2 T lg state to split sufficiently that 2 E (from 2 T lg ) can sink to become the lowest energy doublet. But the tetragonal field in the eis should be only about half that in the trans complex, so that, at very least, the 2 E might be expected to occur at a significantly higher energy in the eis complex. Or, perhaps more probably, a double crossover might not properly be invoked at all.
